ABSTRACT Nonsystemic transmission, where a pathogen is transmitted between infected and uninfected vectors without the vertebrate host becoming viremic, may provide an explanation for transmission in systems where the vertebrate hosts have been difÞcult to identify. This transmission pathway had been previously demonstrated for tick-borne viruses and bacteria, but the recent demonstration for Simulium and vesicular stomatitis virus is the Þrst for a blood-feeding insect. The epidemiology of vesicular stomatitis viruses has been difÞcult to understand, and nonsystemic transmission may be important. We use mathematical formulations of the basic reproduction number, R 0 , to compare systemic and nonsystemic transmission. The absence of a latent period before host infectiousness in nonsystemic transmission may allow a more rapid increase in prevalence in the biting ßies early in the development of a new outbreak. Aggregation of ßies between hosts and at favored feeding sites on hosts will be important, but further data on nonsystemic transmission as a function of space and time are required to fully assess this pathway. The data needed to compare the two pathways and their relative roles in virus epidemiology are discussed.
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CONVENTIONAL PARADIGMS OF arboviral disease assume that a vertebrate host becomes systemically infected and infectious in a manner that can be observed using antibody or virus detection methods. Systemic transmission occurs when the vertebrate host has a systemic infection with a sufÞcient viremia to infect biting insects, independent of the site of the infectious bite. The viremic period for the vertebrate host is determined by the immunologic interaction between the host and pathogen, and generally is much longer than the length of the feeding period of the insect. Recent work has shown, however, that nonsystemic transmission is involved in the epidemiology of tickborne viruses and bacteria , Labuda et al. 1993 , Patrican 1997 ; see also reviews in Randolph et al. 1996 Randolph et al. , 1999 . Nonsystemic transmission is transmission between an infected and uninfected vector, through feeding on a vertebrate which is not systemically viremic. This could occur while infected and uninfected vectors are simultaneously feeding on a vertebrate, when the pathogen remains localized at or near the feeding site for an extended period after an infected vector has fed, or when the pathogen replicates and migrates to new sites without blood involvement. Recently, this type of insect to insect transmission was demonstrated to occur in black ßies (Simulium vittatum Zetterstedt) with New Jersey serotype vesicular stomatitis (VS-NJ) virus (Mead et al. 2000) . This transmission pathway is not well understood, particularly in biting ßies. The deÞnitions we use here are intended to stimulate discussion; we anticipate that further data will clarify or modify how we deÞne the transmission pathways.
Traditionally, vertebrate hosts of a virus are identiÞed by tests for viral antibodies, virus isolation, or experimental transmission. These methods may not identify the vertebrate hosts important in nonsystemic transmission. Host species with no apparent viremia could be epidemiologically important. IdentiÞcation of common hosts of the vector and laboratory studies will be required to determine if nonsystemic transmission occurs. Here, we consider a model similar to a tick-transmission model (Randolph et al. 1996) to compare the two types of transmission when the vector is a biting ßy. Many of the principles are similar but differences between tick-vertebrate and insect-vertebrate interactions will be important. Although this type of transmission may occur with a variety of pathogens, we will consider only insect-borne arboviruses. We will Þrst develop a model for nonsystemic insect to insect transmission to focus attention on critical parameters. Then we will apply our increased understanding of nonsystemic transmission to VS epidemiology in the western United States, using the example of S. vittatum transmission of VS-NJ virus. Based on our simpliÞed model of virus transmission, we discuss the implications for VS epidemiology and outline the data required for assessing the relative contributions of systemic and nonsystemic transmission.
Vesicular Stomatitis Viruses in the Western
United States VS viruses, in the genus Vesiculovirus, family Rhabdoviridae, cause infection in cattle, swine, equines, and wild animals. Infection can result in vesiculation, epithelial cell lysis, and severe interstitial edema. Recent VS epizootics occurred among cattle and horses in the western United States in 1982 States in , 1995 States in , 1997 States in , and 1998 . These viruses can spread from animal to animal via fomites or through the bite of infected insects. The economic impact of VS epizootics can be severe, and in the western United States was largely due to restrictions on livestock movement to control the spread of the disease (Schmidtmann et al. 1999) .
Several hematophagous insect species are suspected vectors of VS viruses. Virus isolations have been made from several species of Simuliidae, Ceratopogonidae, Chloropidae, Anthomyidae and Muscidae during U.S. epizootics (Walton et al. 1987) , and laboratory transmission has been shown for the black ßies S. vittatum (Cupp et al. 1992 , Mead et al. 1999 ) and S. notatum Adams (Mead et al. 1997) , and a biting midge, Culicoides sonorensis Wirth & Jones (A. A. Perez de Leon and W.J.T., unpublished data). However, the role of speciÞc insect species transmitting VS in the western U. S. remain unclear (Schmidtmann et al. 1999) . Because domestic animals generally show low, transient viremias, they were not believed to amplify VS viruses or infect insect vectors . High viral titers in skin samples associated with vesicular lesions may be a source of VS viruses for nonviremic, nonsystemic transmission by insect vectors (Stallnecht et al. 1999) . Black ßies can be infected through nonsystemic transmission on nonviremic, nonclinical mice (Mead et al. 2000) . The epidemiological consequences of nonsystemic transmission on arboviruses like VS have not been explored. The nonsystemic pathway may provide an alternative explanation for several aspects of VS epidemiology.
The Nonsystemic Insect Transmission Model
Basic Reproduction Number, R 0 . R 0 , the basic reproduction number, has been used extensively to evaluate the transmission of vector-borne pathogens (e.g., Rogers 1988 , Anderson and May 1991 and references therein, Lord et al. 1996 , Randolph et al. 1996 . By deÞnition, R 0 is the number of secondary infections produced from one primary case in a completely susceptible population. In a vector-borne disease, this can be from the vertebrate or vector perspective. Randolph et al. (1996) used the vector perspective to examine nonsystemic transmission of tick-borne viruses and bacteria. Since nonsystemic transmission is essentially arthropod to arthropod transmission, evaluating R 0 from the arthropod perspective is valuable. We follow their notation in deriving expressions for R 0 for insect-borne arboviruses, and similarly compare systemic and nonsystemic transmission.
Development of models and derivations of R 0 require assumptions about the biology of the system. While this allows insights into the epidemiological dynamics, it is important to understand the impacts of such assumptions. For example, transmission rates between hosts and vectors are often assumed to be constant. This may be acceptable in the systemic case, but is problematic in the nonsystematic case. Transmission between nonsystemic vectors is likely to be a complex function of space, time, and species. We will focus on the comparative aspects of the two transmission pathways, indicating where common assumptions may not be valid for nonsystemic transmission and identifying areas where empirical research is needed to quantify the relative importance of the two transmission pathways.
The basic model we used to compare R 0 for systemic and nonsystemic transmission with biting ßies is shown in Fig. 1 and the parameters listed in Table 1 . R 0 was derived using standard methods (Anderson and May 1991) , following the transmission cycle from the initial infected ßy to the number of secondary ßy infections generated from that ßy (Fig. 1) . For systemic transmission,
In the nonsystemic pathway,
This is a simpliÞed model, focusing on those aspects of transmission that differ between the two pathways.
Obviously, a full model of a particular system would include many other aspects of host and vector biology. Each component of R 0 will be discussed below, comparing systemic and nonsystemic transmission. For VS viruses, our current understanding would result in R 0 ϭ 0 for the systemic pathway, since systemic viremia sufÞcient to infect insects has not been demonstrated. To compare nonsystemic and systemic transmission, we will consider a hypothetical arbovirus with both routes of transmission.
Latent Period in Hosts (
). An important aspect of transmission in the systemic pathway is the latent period, during which hosts are infected but not infectious. If the latent period is long and mortality (or other removals of domestic animals) is high, the probability that an infected host survives to become infectious decreases. In the nonsystematic pathway, however, the role of the latent period is less obvious. In the traditional sense, there is no latent period. Nonsystemic transmission is not well understood and transmission may not occur immediately after feeding begins, but removal of hosts before transmission is possible is unlikely to be crucial. In nonsystemic transmission, latency is more appropriately considered in the transmission rate (␤ F-F ) and will be discussed below. In the model, the loss of infected hosts during the latent period in the systemic pathway is e Ϫ ; there is no loss in the nonsystemic pathway. Systemic infections with VS viruses have not been identiÞed, so there is likely no latent period in VS transmission. This is an extreme case, in which the latent period is essentially inÞnite in the systemic pathway and zero in the nonsystemic pathway. For comparison, in a system with a systemic latent period of 5 d, R 0 for the systemic pathway would be decreased relative to nonsystemic transmission by 
2 Spatial distribution of ßies on hosts S Proportion of host surface area allowing transmission
a Values for R 0 calculated assuming no heterogeneity in ßy distributions between hosts or on individual hosts. Comparisons for hypothetical arbovirus to illustrate potential consequences. VS virus data are not available for most parameters.
b Actual R 0 values will be these coefÞcients multiplied by the remaining elements in the equation.
40% in rodents, with a lifespan of 10 d, but only 0.5% in hosts such as cattle, with a lifespan of 1,000 d (Table  1) .
Duration of Infectivity (1/i).
The infectious period in systemic infections may be several days. This depends on the host immune system and on the levels of infection required to infect vectors. The duration of infectivity for nonsystemic transmission will depend on the survival of the virus in epidermal layers. Insect saliva contains pharmacologically active factors that enhance the survival of pathogens (Ribeiro 1995 , Limesand et al. 2000 , Ribeiro et al. 2000 , Tabachnick 2000 , which may extend nonsystemic transmission. Mead et al. (2000) reported nonsystemic transmission of VS-NJ virus to uninfected black ßies fed on nonviremic mice 48 h after infected black ßies had completed feeding. However, it is likely that the duration of infectiousness in the nonsystemic pathway is shorter than the 3Ð5 d typical of many vertebrate viremias. One systemically infected host therefore has the potential to infect more ßies than one host through nonsystemic transmission. This differs from ticks, where the duration of the feeding period can be several days and the potential for nonsystemic transmission is higher. Host mortality or removal, both disease-induced (␣) and from other causes () could also have a signiÞcant impact over the time periods relevant to the systemic pathway. In nonsystemic transmission, this is more likely to be of concern in ticks than biting ßies, because of the longer tick-feeding period. In VS virus transmission, there may not be any vertebrate ampliÞcation hosts; the systemic duration of infectivity (1/i) is essentially zero. This is an unusual case; in most systems we expect 1/i to be longer in the systemic pathway. For both transmission pathways, the duration of infectiousness includes the daily rate of loss of infectivity (i) and host mortality rate (␣ϩ). In the general case, the duration of infectiousness is [1/(iϩ␣ϩ)]. Considering our hypothetical arbovirus, with values for i,␣, and in Table 1 , the longer duration of infectiousness increases the systemic R 0 by a factor of Ϸ1.5 relative to the nonsystemic case.
Transmission Rates (␤). The transmission rates encapsulate some of the most crucial aspects of nonsystemic transmission. There are two transmission rates in the systemic pathway, ßy to vertebrate (␤ F-V ) and vertebrate to ßy (␤ V-F ). These can be interpreted as the proportion of vectors which become infected after feeding on a sufÞciently viremic host and the proportion of hosts which become viremic following the bite of an infectious vector, respectively. Typically, transmission rates are assumed to be constant during the infectious period. This is a simpliÞcation, since virus levels in the host, host immunologic factors, and salivary enhancement of transmission vary. However, these ßuctuations generally occur over several days, and the speciÞc location of each bite is unlikely to be important in systemic transmission. These ßuctuations may be crucial in nonsystemic transmission but there are few data available to assess their importance. In ticks, the longer feeding periods may smooth out short-term ßuctuations, although Randolph et al. (1996) considered a spatial component. In biting ßies, the shorter duration of infectivity may make the spatial component more critical. Although there is only one transmission rate to consider in the nonsystemic pathway, from ßy to ßy, it must be considered as a function of both space and time [␤ F-F 
It is likely that nonsystemic transmission will be more probable between ßies feeding near each other than those feeding farther apart, both temporally and spatially. We are explicitly considering the consequences of one infected ßy feeding on a host, so the spatial distribution of ßies on an individual host could be included in either the transmission rate or the effective vector to host ratio (N/H). The distribution of ßies between hosts must also be considered. The vector to host ratio is often considered constant for a population of hosts and vectors, but it is more realistic to consider it as a distribution. Randolph et al. (1996) considered the spatial distribution of ticks on hosts as part of the effective N/H ratio. However, we will consider the distribution of ßies on an individual host in the transmission rate, whereas the distribution of ßies between hosts will be considered as part of the vector to host ratio.
In tick-borne diseases, the degree of spatial structuring on mice varies, from nonsystemic transmission over the entire body, i.e., tick-borne encephalitis virus (Labuda et al. 1993) to only between ticks feeding on the same ear, i.e., Borrelia burgdorferi (Patrican 1997) . The importance of the spatial aspect with biting ßies, or on larger hosts, is unknown. Preferred feeding sites (Walker and Edman 1985 , Edman and Spielman 1988 , Jong and Knols 1996 , feeding aggregation pheromones (Schlein et al. 1984 , Blackwell et al. 1994 , and feeding aggregation (McCall and Lemoh 1997) have been described from hematophagous insects and will act to concentrate vectors. Fig. 2 shows preferred feeding sites for the black ßy S. griseum on the muzzle of a bovine and around the eye of an equine. Potentially, each feeding location could be considered as a separate interaction between infected and uninfected ßies. Currently, the spatial distance between ßies which permits nonsystemic transmission is not known, but probably does not extend over the entire host body. As aggregation increases so does the probability of ßies feeding sufÞciently close for nonsystemic transmission. Further work is needed to determine the spatial transmission of VS viruses on various vertebrates. Two extreme cases illustrate the importance of understanding the spatial component of nonsystemic transmission. In completely site-speciÞc transmission, transmission can only occur between ßies feeding in one location on the host. Thus, the number of "hostsÕ important in transmission is the number of vertebrate animals multiplied by the number of preferred feeding sites. This may be more easily considered as part of the effective vector to host ratio, as Randolph et al. (1996) did for B. burgdorferi. The opposite extreme, where transmission can occur between two ßies feeding anywhere on the host body, becomes similar to systemic transmission. The transmission rate is no longer spa-tially dependent, and the temporal variation may be better considered as a component of the duration of infectiousness. Intermediate distributions will be the most critical in assessing the role of nonsystemic transmission, but consideration of these cases must be postponed until further data are available. We will consider the transmission rate to be a function of time and space [␤ F-F (S, t)]. A simple example of the impact of spatial restrictions in nonsystemic transmission is shown in Fig. 3 . As the proportion of the host surface area over which nonsystemic transmission can occur increases, R 0 increases, approaching the systemic R 0 . The form of the relationship may be nonlinear if the distance over which transmission is possible depends on the location of the bite.
Vector to Host Ratio (N/H). Seasonal, geographic, and host choice variation in insect populations must be considered explicitly when developing epidemiological models of vector-borne disease. The important component in comparisons of systemic and nonsystemic transmission is the relative difference in the number of vectors per host for the two pathways. Only hosts that become sufÞciently viremic to infect ßies need to be considered in systemic transmission, while all vertebrates fed upon by ßies are potential locations for nonsystemic insect to insect transmission. In systemic transmission, insect infection is a function of the probability of encountering a viremic host. In the nonsystemic pathway, insect infection is a function of the probability of feeding sufÞciently close in time and space to an infected vector.
The distribution of ßies among hosts will affect the number of uninfected ßies that can be infected by nonsystemic transmission from an infected ßy. Many ectoparasites have nonrandom distributions among hosts, including ticks (Randolph et al. 1999 ) and biting ßies (Anderson and DeFoliart 1961 , Burg et al. 1990 , Lindsay et al. 1993 , SchoÞeld and Sutcliffe 1996 , and aggregation pheromones may enhance this (Schlein et al. 1984 , Blackwell et al. 1994 . This is often ignored in models and derivations of R 0 for insect-borne viruses. In systemic transmission, strong aggregation may be necessary before it becomes an important consideration. Aggregation may have nonlinear effects in nonsystemic transmission pathways and depend on the particular insect species being considered.
The impact of vector aggregation may be greater in nonsystemic than systemic pathways, and assuming even distributions less valid. Accordingly, the vector to host ratio must be considered as a distribution rather than the average. We will consider the vector to host ratio to be N(m, k)/H, where m is the mean vector to host ratio and k is a measure of aggregation. There are few data available on the form of this distribution, and it is difÞcult to speculate on the effect on R 0 . We consider some effects of aggregation on transmission below.
Probabilities of Simultaneous Feeding. Nonsystemic transmission will depend on an infected and uninfected vector feeding sufÞciently close together in time and space. Transmission to an uninfected ßy will be a complex function of feeding preferences, time, proximity to an infected ßy, and more conventional parameters such as the probability of infection within a particular population of ßies. Aggregated distributions will increase the likelihood of an infected ßy feeding simultaneously with uninfected ßies.
Although full treatment of the effect of aggregated distributions will require more data than currently available, we can use statistical distributions to examine general consequences. Fig. 4 compares Poisson and negative binomial distributions. When the mean vector to host ratio is low, aggregated distributions have a higher probability of more than two ßies feeding on the same host than the random distribution. As the mean vector to host ratio increases, the probability of more than two ßies feeding increases faster in the random (Poisson) distribution, and this probability approaches 1. Aggregation increases the likelihood of multiple ßies feeding at low vector to host ratios, and decreases it at high levels of infestation. Both aspects are inßuenced by the degree of aggregation (k). The parameters of these distributions are likely to change seasonally, geographically, or with species of vertebrate or insect. Such variation also requires consideration. Although this is a simplistic approach to ßy distributions, we include it to illustrate the effects of aggregation and the type of data required for assessment of nonsystemic transmission.
Common Elements Between Systemic and Nonsystemic Transmission Pathways. Some elements of the R 0 equations (Table 1) are the same in both pathways. The loss of infected ßies, e Ϫ , during the extrinsic incubation period depends on the duration of the incubation period, and the ßy mortality rate. The biting rate, a, is the number of bites per female insect per day and depends on the insectÕs gonotrophic cycle. Note that a enters the equations for R 0 linearly, rather than squared as is usual in vector-borne disease models. This is a reßection of the simpliÞed model we are considering, where we start with one infected insect.
Transmission via the nonsystemic route will depend heavily on the spatial and temporal factors involved in nonsystemic transmission, but we cannot estimate these parameters in the absence of data. Because systemic transmission has not been demonstrated for VS viruses, we cannot directly compare R 0 for the two transmission pathways in these viruses. However, we use the hypothetical arbovirus discussed earlier to consider R 0 via both transmission pathways, ignoring the effect of ßy distributions, and assuming nonsystemic transmission can occur over the entire animal. R 0 is greater in the systemic pathway with long-lived animals, and with nonsystemic transmission in shortlived animals (Table 1) . Clearly, the relative contribution of the two pathways will depend on the speciÞc parameter values.
Discussion
In systems which include both systemic and nonsystemic transmission pathways, determining their relative importance will depend on quantifying the relevant parameters. This is likely to vary between seasons or geographic locations and depends on the vector and host species. Nonsystemic transmission may be crucial in establishing a pathogen in a new area, or at times with low vector populations, even if it is not the dominant transmission route. Some systems, such as VS viruses, may not have conventional systemic transmission at all. The epidemiology of the viruses essentially becomes that of a virus transmitted directly between insects, with the vertebrate host serving only as the site for insect to insect transmission. Disease in the vertebrate host becomes incidental to the transmission cycle, and control will rely on understanding insect to insect transmission.
The absence of a vertebrate latent period in the nonsystemic pathway changes the dynamics of virus transmission, particularly in the early stages of a new focus. The duration of infectiousness in nonsystemic transmission is likely to be shorter than in systemic transmission, but may be enhanced by insect salivary gland pharmacology. Transmission rates in the nonsystemic pathway are more dependent on time, space, and insect feeding behavior. Aggregation of feeding insects is important at two levels, between hosts and between favored feeding sites on individual hosts. This is likely to be more important in nonsystemic transmission, acting to increase the probability of successful transmission to uninfected insects.
The reservoir hosts of VS viruses in the western United States have eluded researchers, and there are many unanswered questions about VS epidemiology. None of the vertebrates tested demonstrate sufÞcient viremia to infect biting insects . Repeated infections of livestock in some pastures with no infection in adjacent pastures, sudden infection in a large proportion of a herd, and the general absence of secondary waves of infection during the vector season have all been raised as arguments against the importance of conventional systemic insect transmission for VS viruses . Nonsystemic transmission of VS viruses pro- Fig. 4 . Effect of distributions on the probability of more than two ßies feeding on a host. Curves labeled with a k value are from the negative binomial distribution. Decreasing k indicates increasing aggregation. Inset shows the crossover of curves at a Þner scale.
vides the venue for insect infection in the absence of vertebrate viremia and may contribute to establishment of the virus in animals at the beginning of the insect season. There is no delay in transmission due to a latent period and the initial numbers of infected insects increase more quickly than expected via systemic transmission. However, there is likely a latent period in the development of clinical signs in animals and therefore in the recognition that transmission is occurring. This delays determination of VS virus circulation and may be more problematic since only Ϸ10% of VS virus infected animals develop clinical signs . If VS virus transmission to insects is nonsystemic, then VS is ideal for insect transmission to be underway before the appearance of clinical disease. This disjunction between transmission levels in insects and disease in vertebrates may explain some of the unusual events in VS virus epidemiology. Nonsystemic transmission is certainly consistent with infected insects appearing quickly at a site, preceding clinical VS, and then what appears to be a large number of cases in a single herd.
The implications of nonsystemic transmission on VS epidemiology are far reaching. Consideration must be given to how nonsystemic transmission affects current strategies to control VS in livestock. VS disease control relies heavily on the identiÞcation of infected livestock and the quarantine of infected premises to reduce movement of the pathogen. Our evaluation of nonsystemic transmission leads us to question this strategy. Certainly, preventing the movement of infected animals with clinical disease likely prevents new infections elsewhere due to contaminated fomites. However, such quarantines do nothing to prevent spread due to infected insects, or prevent insect to insect transmission. A more effective strategy would be to reduce livestock exposure to insects, reduce the probability of insect to insect transmission, and minimize the inadvertent transport of infected insects. This could be achieved through vector control, through the use of insect repellents applied to preferred feeding sites on animals, and by identifying preferred hosts.
The equations for R 0 show the importance of understanding the distribution of ßies. Estimation of parameters by averages may not be adequate, and it is crucial to understand the assumptions implicit in any simpliÞcation. Particularly with low populations of vectors, stochastic effects and aggregation may be critical. Probability distributions need to be considered as explicit functions of space and time. Information on the feeding behavior of suspect VS vectors, such as simulid or culicoid ßies, is urgently needed.
Our model shows that the probability of successful insect to insect transmission via nonsystemic transmission is most sensitive to aggregation between hosts when the vector/host ratio is low. At the beginning of the transmission season, this is likely for many of the suspect VS virus vector species. Nonrandom feeding behavior by these vector species would increase the likelihood of insect to insect transmission early in the season, yet could reduce animal infections later in the transmission season since insects would be more likely to feed on already infected animals. Could this be a factor in the cessation of cases after a wave of VS virus infection in a herd? A difference in N/H ratios between locations would change the probability of nonsystemic insect to insect transmission and the subsequent appearance of clinical signs in animals. There is a need to evaluate observations of differences between pastures with this in mind. Two locations may have quite different N/H ratios that would change the dynamics of insect-insect infection, and the probability of sustaining animal infections.
Aggregation of biting ßies at particular sites on animals is important in nonsystemic transmission. Early insect transmission at a particular location will be focal, occurring at speciÞc feeding sites on a few animals. The infected ßies are then able to infect other ßies after the extrinsic incubation period; there is no delay for development of host viremia. However, the requirement for an extrinsic incubation period, with ßies that became infected during a relatively short period, may create alternating periods of ßy to ßy transmission and no transmission. If one assumes a 7-to 10-d extrinsic incubation period for VS viruses, we might expect periods of transmission to insects and vertebrates every week or so. Could this be part of the explanation of the sudden and simultaneous appearance of several clinical cases in some locations? Synchronization of transmission in the early stages of an outbreak may also make the nonsystemic transmission pathway more susceptible to disruption. If some external factor (e.g., weather or herd movements) prevents feeding immediately after the extrinsic incubation period is completed, the few ßies infected by the original ßy may die before transmitting the infection. In nonsystemic transmission, these ßies are infected during a shorter time period than in systemic transmission. Thus, they will be ready to refeed and transmit the virus during a narrower window of time than ßies which fed on a systemically infected vertebrate over a period of several days. A shorter interruption in feeding thus could disrupt the nonsystemic pathway. Information on extrinsic incubation periods, gonotrophic cycles, and variations due to environmental factors will be needed for suspect vector species to assess the probability of successful transmission and the synchronization of transmission cycles.
The implications for nonsystemic transmission in a particular epidemiological cycle will depend on the particular distributions of ßies and the spatial and temporal relationships in transmission. A direct comparison may not always be appropriate, as systemic and nonsystemic transmission may not occur at the same time or with the same host and vector species, yet both could contribute to the overall epidemiology. R 0 can be used to assess the relative importance of different aspects of transmission, and to focus data collection on the most important areas.
We were unable to assess quantitatively the relative importance of the two transmission pathways for VS, as it is not apparent that systemic transmission occurs and the data needed were not available. A better understanding of the spatial distribution of ßies and estimates of the transmission rates between ßies as a function of time and space are of primary concern. These data would be useful in systemic pathways, but will be critical for nonsystemic pathways. Seasonal patterns of ßy and host abundance may impact the nonsystemic pathway more strongly than the systemic pathway. The vector to host ratio is often assumed to be constant or a simple seasonal function and this is often identiÞed as a lack in epidemiological models with systemic transmission pathways. These assumptions will be more constraining in nonsystemic pathways. In particular, seasonal changes in N/H may be critical to understanding both geographic and temporal cycles of a disease like VS. Randolph et al. (1996) concluded that the relative importance of systemic and nonsystemic pathways for tick-borne disease varies between pathogens. This is also the case for nonsystemic transmission by biting ßies. For the tick-borne pathogens they considered, the difference was largely due to the duration of infectivity from an initial tick bite. This duration is likely to be shorter in biting ßies, since ßies feed more quickly than ticks. This short duration of infectivity will establish more precisely timed periods of insect to insect transmission and nontransmission than occur in tick nonsystemic or ßy systemic transmission systems. In nonsystemic systems, the distribution of ßies on hosts and the spatial aspects of transmission will be determining factors. The most signiÞcant effect of the nonsystemic pathway may be the expansion in potential hosts involved. Many biting ßies have wide host ranges, any of which could be involved in nonsystemic transmission. Investigations of vector-borne disease now must consider the potential of nonsystemic transmission.
